ABSTRACT
49

INTRODUCTION
50
This paper is concerned with ocular responses to brief background motion 51 during smooth pursuit eye movement. In everyday life, objects move through an 52 environment rich in visual features, which requires pursuit of targets that move against a 53 stationary textured background. Once tracking is initiated, the retinal image of the 54 background will move in the opposite direction to the ongoing eye movement 55 (reafference). The influence of stationary and moving backgrounds during initiation and 56 maintenance of smooth pursuit has been extensively examined (Barnes and Crombie 57 1985; Collewijn and Tamminga 1984; Keller and Khan 1986; Kimmig et al. 1992;  58 Kodaka et al. 2004; Lindner and Ilg 2006; Lindner et al. 2001; Masson et al. 1995; 59 Mohrmann and Thier 1995; Niemann and Hoffmann 1997; Schwarz and Ilg 1999; 60 Spering and Gegenfurtner 2007; Suehiro et al. 1999; Worfolk and Barnes 1992) . In indicating that directional asymmetry in the enhancement during smooth pursuit against 84 a stationary background is due to the prior motion of the background images secondary 85 -4 -to the pursuit eye movement (reafference). Based on these observations, two 86 mechanisms that influence pursuit tracking against a stationary background were 87 postulated: one that works to reduce the sensitivity to background motion when this 88 motion is in the opposite direction to pursuit tracking and originates from the visual 89 reafference associated with pursuit, rather than from pursuit per se; and another that 90 involves a generalized increase in the gain of transmission through the visuomotor 91 pathways involved in ocular tracking and is a direct consequence of engaging the 92 pursuit system. The latter mechanism, i.e., the general increase in the gain of 93 transmission, may account for increased sensitivity to target motion during pursuit 94 described by Schwartz and Lisberger (1994) and Churchland and Lisberger (2002) .
95
The selective insensitivity to background motion in the opposite direction to 96 pursuit has been the primary focus in previous studies, and abundant findings have been Suehiro et al. 1999 ). In contrast, there is less evidence for the 100 mechanism underlying the general enhancement of the ocular responses to background 101 motion, which putatively originates in smooth pursuit itself. In this study, we will 102 examine the properties of this general enhancement in ocular responses to brief 103 background motion during smooth tracking. We adopted a methodology used in 104 previous studies by Suehiro et al. (1999) and Kodaka et al. (2004) with some 105 modifications. To concentrate exclusively on the effects originating from smooth pursuit 106 per se, we attempted to minimize the effects of afferent or reafferent background motion 107 during pursuit. Suehiro et al. (1999) and Kodaka et al. (2004) attempted to eliminate The aim of the study was to understand whether increased sensitivity to 117 background motion during smooth pursuit is due to characteristic changes in visual 118 (motion) processing. We studied the dependencies on standard stimulus features of 119 sinusoidal backgrounds, including spatial frequency, temporal frequency and stimulus 120 contrast during fixation and smooth pursuit. The results suggest that all the
121
-5 -dependencies on these features persisted regardless of the subject's behavioral condition.
122
We further studied the mechanism of visual motion detection for background motion 
METHODS
137
Subjects
138
Eye movements were recorded in three subjects (S1-3) of age 28 to 37 years 139 old. One subject (S1) was the author of the paper and two of the subjects (S2-3) were 140 naïve and unaware of the experimental design. Each subject had normal or 141 corrected-to-normal vision, normal visual fields and clinically normal eye movements.
142
Informed consent based on the Helsinki Declaration was obtained from all the subjects 143 before the experiments. The experimental procedures were approved in advance by the center, i.e., the step-ramp paradigm (Rashbass, 1961) . Subjects were required to track 175 the moving target. The step size, which determined the initial eccentricity of the pursuit 176 target, was selected to minimize catch-up saccades. At 300 ms after onset of the target 177 motion, the background was briefly moved upward or downward (80 ms, 8 frames).
178
Catch trials without background motion were also included. After the target had been 179 moving for 800 ms, the pursuit target and background were extinguished, signaling the 180 end of the trial. Four experiments were performed using these procedures. and generated the visual stimuli upon receiving a start signal from the REX machine.
239
Eye movements were measured using the dual-Purkinje eye tracker system 
RESULTS
266
We first provide an overview of the eye movement profiles during the trials.
267
The mean horizontal (thin lines) and vertical (thick lines) eye velocity profiles of 268 subject S1 are shown in Fig. 1 . These profiles show that horizontal smooth pursuit was background stimuli with much lower contrast or non-optimal spatiotemporal frequency.
313
In those cases, the responses to the perturbations, and in particular those during steady way. In general, the response reached a peak earlier as the temporal frequency increased.
390
The height of the peaks gradually increased as the temporal frequency increased up to a In the third experiment, we examined whether the ongoing behavior affected 534 stimuli) were closer to the response to the 3f stimulus than to the mf stimulus, which 535 suggests that the difference in response amplitude is, at least in part, the effects of the 536 other components involved in the mf stimulus. In particular, when the 5f component was 537 missing from the mf stimulus (i.e., the mf-5f stimulus), the ocular responses increased 538 and became closer to the 3f stimulus. Notice that the 5f component was the second 539 largest component shifting in the direction of the pattern shift.
540 Figure 8B shows the U-D eye velocity profiles during rightward smooth pursuit 541 in the same format as that in Fig. 8A . The findings from these profiles were essentially responses to mf, mf-5f and 3f4f stimuli were always larger than those during fixation. In 546 the case in Fig. 8A and B, the ocular responses to the mf, mf-5f and 3f4f stimuli during 547 smooth pursuit were 1.54, 2.01 and 1.35 times larger, respectively, than those during 548 fixation. Similar findings were obtained for ocular responses during leftward pursuit in 549 subject S1 and in all experiments for the other two subjects. Normalized data (mean 550 U-D response measures divided by the amplitude of the mean response to 3f stimulus 551 during fixation) averaged over the 3 subjects is shown in Fig. 8C . The ocular responses sudden motion of large-field texture stimulus (Gellman et al. 1990; Miles et al. 1986 ).
629
Lindner and Ilg (2001) 
635
In experiment 1, we found a band-pass dependence of ocular responses on 636 spatial frequency that was described by Gaussian functions on a logarithmic scale when 637 the temporal frequency of the stimuli was fixed. Our data indicated that the peak spatial 638 frequency (f s0 ) was, on average, 0.23 cycles/º during both fixation and smooth pursuit. 
647
We also found that the ocular responses to brief perturbations of the 648 background were dependent on temporal frequency (experiment 2). The dependence 649 could be represented by Gaussian functions with a peak temporal frequency (f t0 ) of 17.5
650
Hz both during fixation and smooth pursuit. Gellman et al. (1990) found a similar 651 dependence on temporal frequency, i.e., band-pass characteristics with a peak at 16 Hz.
652
This value is again close to that in our data. Interestingly, for the highest two temporal 653 frequencies, a trough appeared in the response profile that followed in the immediate 654 wake of the initial peak. This profile strongly resembles the "oscillations" previously 655 reported in ocular following responses of humans (Gellman et al. 1990 ) and monkeys
656
( Miles et al. 1986 ).
657
For the contrast dependence (experiment 3), the mean values for n and C 50 of 658 the best-fit Naka-Rushton equations were 1.51 and 4.42 %, respectively, during fixation by orienting the grating orthogonal to pursuit direction, we argue that enhancement of 690 induced eye movements was due to influence of smooth pursuit per se.
691
The present findings add new knowledge regarding the pursuit-related 692 enhancement observed in ocular responses to background perturbations. We found that 693 the dependence on standard stimulus properties, which involves spatial frequency,
694
temporal frequency and stimulus contrast, was almost independent of whether the 695 subjects were fixating on a stationary target or pursuing a moving target. The 
